Introduction
Fluorochromes are exceptionally useful microscopical probes for a wide range of biological components including ions, proteins, nucleic acids, metabolites, membranes, cell walls, organelles, cytoplasm and extracellular space (e.g. see Rost, 1995; Mason, 1999; Haugland, 2001; Periasamy, 2001) . One highly desirable feature of any probe is that it can be used with both live and immobilized preparations, allowing the researcher to complement studies of living material with observations more easily made on static preparations. For example, when studying organelles that move rapidly, it is sensible to study their dynamic activity live, but immobilized material permits a more detailed analysis of their instantaneous distribution, a 'snapshot in time'. Also, when studying cell populations, immobilization provides a means of arresting the cell cycle at a desired point, thus permitting a more prolonged examination that might otherwise extend into an unwanted phase of the cycle. While a limited range of probes do have this versatility, unfortunately most can only be used in one way or the other. It is valuable therefore to develop protocols that extend the application of live-cell probes to use with immobilized material.
There are basically two approaches by which a live-cell probe used with living material can be used with immobilized material: it can be introduced either before (e.g. Mitotracker: Baumann & Murphy, 1995) or after (e.g. NBDC6-Ceramide: Jin & Snider, 1993 ) the immobilization procedure. In this study we are only interested in probes that must be introduced before immobilization. A number of probes fall into this category since they depend on intracellular processing to be 'sorted' to their target and/or to acquire their fluorescence. For example, 6-carboxyfluorescein diacetate (6-CFDA) accumulates in fungal vacuoles as follows: cytoplasmic esterases remove the diacetate group, releasing the now fluorescent and membrane-impermeant 6-carboxyfluorescein anion, which is then rapidly sequestered in the vacuole by an anion transporter in the tonoplast (Cole et al ., 1997) .
In this study we have examined the use of aldehyde-free anhydrous freeze-substitution for retention of six probes typically used for studying the distribution of various organelles in living cells or for assessment of general cell viability. Our system of study is the motile vacuole system and endoplasmic reticulum (ER) of the filamentous basidiomycete Pisolithus microcarpus (previously P. tinctorius , see Materials and methods). We have had extensive experience with live cell imaging of fluorescently labelled vacuoles and ER of this organism (see Ashford et al ., 2001, and by any procedure of immobilization. The other two probes, chloromethyl aminocoumarin (CMAC) and chloromethyl fluorescein diacetate (CMFDA), have been successfully used in conjunction with early exposure to aldehyde fixatives (Haugland, 2001; West et al ., 2001) . However, using an aldehyde as the initial means of immobilization is very undesirable in many cases because of the various structural artefacts known to be induced (e.g. Gilkey & Staehelin, 1986; Hyde et al ., 1991; Orlovich & Ashford, 1993) . Even if the aldehyde is introduced after an initial snap-freezing, aldehydes are typically not used in their anhydrous form and the concomitant introduction of water means that any water-soluble probes are potentially subject to long-acknowledged problems of redistribution (e.g. Pearse, 1968) . Anhydrous aldehydes are difficult to obtain and are not supplied in our substitution fluid.
Materials and methods
Abbreviations : dimethyl sulfoxide (DMSO); 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s -indacene-3-propionic acid (BOD-IPY); reverse osmosis water (ro water); room temperature (RT).
Fungal cultures
Pisolithus microcarpus (Cooke and Massee) Cunningham (Cunningham, 1931 ) (strain 055 isolated by D. Horan (Horan, 1991) ) cultures were grown on modified Melin-Norkrans (MMN) agar (Marx, 1969) , using a modified cellophane sandwich technique (Campbell, 1983) as described in Cole et al . (1997) . Note: in previous papers by our group this isolate has been referred to as Pisolithus tinctorius (Micheli ex Persoon) Coker and Couch, but recent molecular evidence indicates (1) that some Australian isolates originally identified as P. tinctorius are actually P. microcarpus (Martin et al ., 2002) ; (2) that this particular isolate is P. microcarpus (F. Martin, pers. comm.) . Cultures were kept at 23 ° C in the dark for 8-14 days. 
Fluorochrome loading
Wedges of actively growing hyphal tips were excised and incubated for 15-30 min at RT in; 0.5 µ m BODIPY-BFA, or 48 µ m CMAC, or 22 µ m CMFDA, or 40 µ m carboxy-DFFDA, or 10 µ m ERTracker (filtered to remove dye aggregates), or 10 µ m MDY-64. Hyphae were used straight from the dye solution or after a 15-60 min chase in reverse osmosis water. Excess liquid was removed from the wedges of hyphae using filter paper prior to freezing.
Freeze-substitution
Fluorochrome-loaded hyphae prepared as described above were cryofixed in liquid propane at − 187 ° C, and freeze-substituted in dry tetrahydrofuran (Pålsgård et al ., 1994) in a Leica AFS freeze-substitution apparatus for 3 days at − 85 ° C. Samples were gradually warmed up (5 ° C h − 1 ) to − 30 ° C, held for 24 h, warmed up (5 ° C h − 1 ) to 6 ° C held for 1 h (Ashford et al ., 1999) , and then allowed to come to room temperature in a dry box flushed with dry nitrogen gas (see Orlovich & Ashford, 1995) . Samples were continuously kept in the dark. Samples were infiltrated with Spurr's resin (Spurr, 1969) , in the dry box, in steps of 30%, 60%, 90% and 100% over 24 h each at RT. Alternatively, resin changes were 30% 3 h, 60% overnight, 90% 3 h, 100% overnight, 100% 3 h. Samples were then flat-dish embedded, with or without coverslips as spacers, and polymerized for 14 h at 60 ° C (Cole et al ., 2000) . Coverslips were found useful to prevent samples coming into contact with, and becoming bound to, the glass slides. Samples were kept in the dark in a desiccator until observation. Other samples were infiltrated with either anhydrous immersion oil, anhydrous Tween 20 or anhydrous methyl salicylate through a series in 10% steps for 15 min each.
Fluorescence microscopy
Fluorescence micrographs were taken using a Zeiss Axiophot microscope fitted with DIC and epifluorescence optics (filter combination used; BP-450-490, FT510, and LP515-585), using a × 40, 0.75 objective or a × 63, 1.40 oil objective. Images were captured by real-time digital imaging using an Image Point CCD camera (Photometrics, Tucson, AZ, U.S.A.), a PCI-compatible LG3 framegrabber (Scion Corp., Fredrick, MD, U.S.A.) and Scion version of NIH image (public domain image analysis software), on a Macintosh 9500 computer.
Two-photon fluorescent confocal images were taken using a × 63, 1.32, or a × 100, 1.40 oil objective on a Leica DM IRB inverted microscope with a TCS SP scan head fitted with a Spectra Physics Millennia Vs pump laser and a Tsunami pico second pulse laser set to 800 nm. Micrographs were taken as a series of 13-25 sections taken at various intervals of 0.25-0.5 µ m, captured with eight frame averaging, on a PC with Leica TCS SP confocal software.
Results
Comparison of fluorescence patterns in living (Fig. 1A,B) and freeze-substituted hyphae (Fig. 1C-H) indicated that of the six probes tested, only the vacuole probes CMAC, carboxy-DFFDA and CMFDA showed patterns consistent with those seen in live cells (summarized in Table 1 ). This indicates that these three probes were retained in at least some of the spherical and tubular vacuoles. The greatest success in retention of label and overall structural integrity was achieved with CMACloaded hyphae embedded in Spurr's resin. In these cells, the probe was visible in the vacuoles of most hyphae (Fig. 1C-E) , although the intensity was appreciably less than in living hyphae. The vacuole system retained its integrity as a tubulovesicular network. Large intact vacuoles containing the fluorochrome were readily visible and their interface with the plasma membrane (cf. Cole et al ., 1998) was apparent (small arrows in Fig. 1B,D,E) . Fine interconnecting tubules were also present but were hard to visualize owing to the high level of background fluorescence in the embedding material and the very fast fade rate of the limited fluorochrome. The distinction in appearance of vacuoles in the extreme tip compared with the basal region of the tip cell was as clear as in living material (cf. Fig. 1A,C with Fig. 1B,D) .
Based on our experience of viewing CMAC-loaded living hyphae, we consider it unlikely that all of the smaller vacuoles were visualized in immobilized material. This would appear to be due at least in part to loss of label from vacuoles during resin embedding. Comparison of the fluorescence levels of polymerized pure Spurr's resin, and Spurr's resin polymerized from the vial containing CMAC-loaded hyphae, indicated that the latter had much higher fluorescence. Perhaps small vacuoles, having a high surface-to-volume ratio, lose label at a higher rate than large vacuoles, or their smaller size in itself results in insufficient fluorescence for visualization due to both high resin fluorescence and low fluorescence levels. A shorter resin infiltration period was tried but this resulted in inadequate infiltration.
Attempts to use mounting media other than Spurr's resin (immersion oil, Tween 20 and methylsalicylate) for cells loaded with CMAC (and other probes also) were only partly successful. DIC optics indicated a general disruption of intracellular organization (not shown). Nevertheless, parts of the vacuole system could still be identified in some hyphae (Fig. 1H ) and in these cases the high intensity of the fluorescence indicated that less label was lost than with Spurr's-embedded material.
The hydrolysis products of CMFDA and carboxy-DFFDA were also visible in some vacuoles (Fig. 1F,G ) of some hyphae, but overall retention was poor. Even within individual hyphae, adjacent vacuoles showed marked variation, in particular for carboxy-DFFDA. This would appear to be due at least in part to even lower retention of CMFDA and carboxy-DFFDA than that achieved with CMAC. Fluorescence of vacuoles loaded with these probes was very pale compared with CMAC-loaded vacuoles and, as for CMAC, comparison of resin before and after its contact with probe-loaded hyphae indicated that CMFDA and carboxy-DFFDA had leaked into the embedding medium.
All attempts to visualize the vacuole probe MDY-64 and the ER probes BODIPY-BFA and ER-Tracker were not successful. There was a very high level of background fluorescence in the resin in all cases and the fluorochrome could not be detected within any discrete structures within cells.
Discussion
We have shown, for the first time, that fluorescent probes taken up by organelles of living cells can be retained throughout a freeze-substitution protocol that avoids aldehyde fixatives at all stages. This is an important development because of the known problems of aldehyde fixation and the potential benefits of studying organelle distribution in immobilized material. The methodology, however, is not ideal, in that (1) only three probes could be visualized and with only one of these was the vacuolar system of Pisolithus seen to have the complexity typical of living material; (2) probes were apparently not maintained in their insoluble state. Nevertheless, the results show great promise and indicate where future efforts should be concentrated. The methodology could be useful for a wide range of other probes, for example green fluorescent protein (GFP).
In seeking ways to retain probe localization during immobilization, we looked at approaches used for the localization of other small, water-soluble components and, in particular, ions. The most rigorous approach used for microscopic ion localization employs frozen-hydrated sections; with fluorescent probes there has been limited application of this approach, and only when combined with freeze-drying (e.g. Chandra & Morrison, 1997) . The freeze-substitution approach, however, promises greater flexibility for fluorescence imaging and it has been shown that ions can be retained in situ if substitution occurs under completely anhydrous conditions (Orlovich & Ashford, 1995) . A number of fluorescence studies of plants have also shown that anhydrous freezesubstitution can provide adequate retention of probes in the extracellular space (e.g. Canny, 1986; Vesk et al ., 2000) . However, probes can be applied in the extracellular space at very high concentration, and much lower probe concentrations are likely to be achievable in loading of intracellular organelles.
In our study, some small vacuoles and ER were apparently not labelled. Immobilization protocols may reduce the ability to detect a fluorescent probe in two ways: the probe, being soluble in one or more of the chemicals used, diffuses from its site of concentration; or the fluorescence of the probe is quenched. For all the probes used here, the high background fluorescence of resin in the Spurr's preparations indicates that solubility in the resin was a problem. Loss of probe from the lumen of vacuoles and ER resulted in fluorescence levels too low for adequate visualization of small compartments. Attempts to limit diffusion by using other anhydrous mounting media did provide superior retention of fluorescence intensity, but also induced severe structural alterations. We recommend that any future such study begins by examining the solubility of the probe product in the various chemicals used during the procedure. For the mounting medium, we chose the hydrophobic Spurr's resin because of its successful employment in studies of extracellular probes (e.g. Canny, 1986) , but other hydrophobic resins could be profitably checked (e.g. Epon). Maintenance of probes in their insoluble form during immobilization is important for retaining fluorescence intensity; even more importantly, it prevents potential redistribution of the probe to artefactual locations within the cell. 
